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(57) Abstract 

A bearing system (10) including one or more bearings (12, 
14, 16) for optimizing stiffness of each bearing which includes an 
individual regulator (28, 30, 32), pressure meter (40, 42, 44) and 
flow meter (34, 36, 38) to each bearing. The meters send instan- 
taneous values of pressure and flow rate to a computer sytem (46) 
which performs an algorithm using the values and computes tar- 
get signal values for each individual bearing. These values are 
then transmitted to the respective pressure regulators. The pres- 
sures applied by the regulators are maximum values with which 
the bearing can operate without going into vibration. If Pm and 
Sm are the pressure and flow rate respectively when the bearing 
pressure is just below a value where the bearing starts to resonate, 
then the computer works toward maintaining the pressure P and 
flow rate S at values where P/S = Pm/Sm. In another embodi- 
ment, after load is applied at a location with respect to the bear- 
ing, the computer computes pressure in the various bearings de- 
pending on where the load is located and value of the load so that 
total force and moment on the bearing equals zero. The invention 
is applicable to bearings relying on hydrodynamic and hydrostat- 
ic forces. 
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STIFF BEARING SYSTEM WITH MINIMAL VIBRATION CHARACTERISTICS 

TECHNICAL FIELD 

This invention relates to hydrodynannic bearings and particularly to a system of bearings featur- 
ing design and control of fluid flow in the bearing that optimizes stiffness and anti-vibration 
characteristics particularly applicable but not limited to airbearings. 

BACKGROUND ART 

Bearings using air as a fluid have been designed for a variety of applications where it is re- 
quired to have very low "drag" (minimal friction)^ where high speed is involved that would 
otherwise cause a rise in temperature, or where it is required to maintain close precision. The typi- 
cal design of an airbearing is one in which pressurized air is admitted through an orifice in the 
stator opening into the interior of the airbearing interface; the air then escapes through exits at the 
edges of the interface, after following a flow pattern established by grooves in the stator surfaces. 

One type of airbearing is the journal airbearing which comprises a rotating member supported 
by a static member. The interface between the rotor and stator is pressurized to airbearing suppon 
of the rotor. Another type of airbearing is the slider bearing in which a yoke straddles a bar and the 
interface between the yoke and bar is pressurized to provide airbearing support of the slider. 

Both the journal and slider bearings rely on hydrodynamic pressure in the interface generated by 
flow of air through the interface. By hydrodynamic pressure is meant the pressure that is genera- 



SUBSTITUTE SHEET 

JSCKXID -rWO 9407045A1 I > 



wo 94/07045 PCr/US93/08451 

-2- 

ted by virtue of the viscous nature of the lubricant. It wUl therefore be understood that the scope of 
this invention includes liquid and gaseous lubricants since both types of lubricants are characterized 
by a coefficient of viscosity. 

In the context of this specification, the term hydrodynamic bearing may be taken to mean a 
bearing lubricated by either liquid or gas. 

Two major problems characterize the journal and slider airbearings: 

One problem is that such bearings wiD tolerate very little asynunetric force (sidewise, unidirec- 
tional force) compared to a hydrodynamic bearing utilizing a liquid lubricant. Such assymetric 
forces may result in collapse of jpumal and slider airbearings. A journal bearing will support only 
a relatively small radial load. A slider airbearing will support only a relatively small force in the 
direction transverse to the direction of sliding motion. Therefore the conventional journal 
airbearing is designed to have an airflow pattern that is very symmetrical about the axis of rotation. 
The slider airbearing is designed to have an airflow pattern that is veiy symmetrical between both 
sides of a centerline parallel to the direction of motion. 

U. S. Patent 4,930,907 to Smith discloses construction of a journal airbearing in which a first 
airbearing area is disposed on one side of the rotor at the same angular position as an applied radial 
load and a second airbearing area is disposed on the opposite side. The location and sizes of these 
areas and the single value of air pressure applied to both bearing surfaces arc all selected to bal- 
ance the total force and moment on the bearing, including the load applied to the bearing, thereby 
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establishing mechanical equilibrium. However, application of this design is limited to situations 
where the axial location of the applied radial load is fixed. Furthermore, there is no provision for 
optimizing the pressure to individual bearings to achieve maximum stiffness. 

U. S. Patent 4,930,907 to Smith discloses several devices for sensing applied load in airbearing 
systems. One construction is a mechanical approach in which pressure applied at the load is also 
applied at the airbearings. Another approach is electronic in which an electronic signal responsive 
to an applied load controls pressure differential between bearing interfaces. A third approach is 
hydraulic, in which hydraulic pressure signals generated by an applied load control the pressure 
differential between bearing interfaces. 

U. S. Patent 3,772,296 is for an airbearing system using a self-regulating regulator The 
bearing system includes a regulator communicating with a "gauging" port located at the bearing in- 
terface which transmits pressure to the regulator which responds to the pressure signals to restore a 
preset pressure in the interface. The system does not address the problem of optimizing pressure 
for maximum stiffness. 

Another problem with airbearings is that, under some conditions of applied air pressure and 
design, the bearing will resonate. The standard approach to eliminating resonance has been to de- 
sign the bearing with certain parameters such as size of the orifice, area of land around the orifice, 
etc. However, onset of resonance has been very difficult to predict and these design approaches 
have been met with only limited success. Resonance normally occurs when the air pressure is 
raised to a critical value. 
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For further discussion of airbearing technology, the reader is referred to "Gas Lubricated 
Bearings" by Grassam and Powell, published by Butterworth, London, 1964 which is incorpo- 
rated by reference into this specification. 

DISCLOSURE OF INVENTION 

It is an object of this invention to provide an airbearing system including a journal airbearing 
and/or slider airbearing that will support a large asymmetrical load. In the case of a journal 
airbearing. this would be a load applied in the radial direction and in the case of the slider 
airbearing. this would be a load applied transverse to the direction of sliding. 

Another object is that die air bearing system accanodate a variable load. 

Another object is to be able to apply the load at any location in a range of locations. In the case 
of the journal airbearing, tiiis means any location along Uie axis of the bearing. In die case of the 
slider bearing, this would mean any location along the direction of slide. 

Anotiier object is to prevent the onset of resonance yet maximize the applied air pressure 
thereby maximizing the stiffness of the bearing. 

Anotiier object is to incorporate tiie use of Uie airbearing of this invention into various applica- 
tions characterized by loads applied asymmetrically such as machining and grinding operations 
and where stiff bearings are required to achieve precision such as in producing masters for 
compact disks. 
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TTiis invention is directed toward a multi-airbearing system in which stiffness and tolerance to 
asymmetrical loads is achieved by the control of air pressure applied independently to each of the 
bearings that are part of the system so as to balance the total force and moment on the moving 
member (rotor or slider) and establish a pressure in each bearing that is great enough to provide 
maximum stiffness without generating resonance. 

In one embodiment, individual measurements of pressure and flow rate are supplied to a com- 
puting system which perfomis an algorithmic operation to determine opdmum applied pressure to 
establish maximum stiffness and mechanical equilibrium. The pardcular algorithmic operation 
employed depends on the bearing system. 

One such algorithmic operation involves the use of a "lookup table" in memory to which mea- 
sured pressures and flow rates are compared to determine target values of applied pressure. 

Another algorithmic operation operation involves measuring individual pressures and flow rates 
to each of the bearing interfaces and computing an instantaneous impedance for each interface then 
adjusting the pressures to achieve optimum stiffness. 

In accordance with the various embodiments of this invention, pressure may be measured at 
any one or several of a number of locations depending on the accessibility of the location and the 
sensitivity to the onset of resonance provided by the pressure measurement at the selected location. 

For example, in one embodiment a gauging orifice may be provided whose one end may open 
onto the bearing surface and another end communicating with a pressure transducer. 
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In another embodiment, a pressure sensor may be connected to sense the pressure at the en- 
trance to the airbearing with an external impedance connected between a pressure regulator and the 
entrance to the aiibearing. The external impedance increases sensitivity of the pressure sensor to 
changes of pressure in the bearing. 

In extending the application of this embodiment to machining operations, the apparatus furtiier 
includes means for measuring the location of the applied force relative to tiie bearing surface areas 
and adjusting the pressure to each bearing to achieve mechanical balance. In the case of a lathe, the 
applied force is the force exerted by the tool bit against the part being machined. Since the location 
of the tool bit is constantly changing during a machining operation, the pressure distribution must 
be changed simultaneously with the changing location of the toolbit. In the case of a slider bearing 
for a mastering machine, the applied force is the weight of any load applied to the slider. 

Advantages of the use of this invention in systems requiring minimal friction, great precision of 
moving pans and the absence of vibration will become obvious to those skilled in the an in view 
of the description of the best known mode of canxying out the invention and the industrial 
applicability of the prcfcned embodiment as described herein and as iUustrated in the sveral figures 
of the drawing. 

BRIEF DESCRPnON OF THE DRAWINGS 
Fig. 1 is a schematic diagram of one embodiment of the hydrodynamic bearing apparatus of the 
present invention showing the various controls in relation to the bearings. 

Fig. 2 is mechanical representation of the flow impedance showing a resistive, inertial, and 
compressive component 



o 

NSDOCID. <WO 9407045A1 I > 



SUBSTITUTE SHEET 



wo 94/07045 PCr/US93/08451 

-7- 

Fig. 3 is a resonating electrica] tank circuit analogous to rhe "mechanical tank" flow impedance 
of fig. 2. 

Fig. 4 is a cross section of a journal bearing illustrating bearing interfaces to achieve mechanical 
equilibrium. 

Fig. 5 shows a cross sectional view of a journal bearing illustrating the tilting of the rotor and 
change of bearing impedance with applied load. 

Fig. 6 is a flow diagram of the method for achieving mechanical equilibrium in a bearing by 
optimizing flow impedance of eacl^ bearing. 

Fig. 7 is a flow diagram of the method of achieving mechanical equilibrium in a bearing by bal- 
ancing forces and moments. 

Fig. 8 is a schematic diagram of the computer system for optimizing stiffness of the bearings of 
the bearing system. 

Fig. 9 shows an embodiment of the invention for maximizing stiffness applied to the bearings 
of a lathe. 

Fig. 10 shows an embodiment of the invention for achieving maximum stiffness applied to a 
mill for machining metal. 

Fig. 1 1 shows the invention applied to the manufacture of a compact disk mastering machine. 



>JSCOClD <WO &407045A1 I > 



wo 94/07045 PCT/US93/0845I 

-8- 

Fig. 12 shows in cross section a fluid dynamic bearing iliusiraring the interface with fluid sup- 
ply entrance and metering passage with a system end communicating with the interface and a 
meter cndcommunicating with a pressure transducer. 
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BEST MODE OF CARRYING OUT THE INVENTION 
The best presently known mode for of practicing the invention is an improved system of 
incorporating monitoring pressure and airflow to prevent vibration in airbearings used in precision 
apparatus such as disk mastering equipment. 

Turning to a discussion of the drawings, fig. 1 is a schematic illustrating embodiment of the 
invention in which the bearing system 10 includes a number of bearings 12, 14. 16 (three are 
shown) and a location 33 for applying a load. Pressurized lubricant is suppUed to each bearing 
interface through conduits 20, 22 and 24 respectively from a supply 26. The pressure to each 
bearing interface is controlled by a pressure regulator, 28, 30 or 32 respectively. Flow meters 34. 
36 or 38 are connected in conduits 20. 22 or 24 between the respective regulatois and bearings. 
Pressure meters 40, 42 and 44 measure pressure at the jntrances to each respective bearing. 
Pressure signals from each of the pressure meters 40, 42 and 44 and the instantaneous flow signal 
from each of the flow meters 34, 36 or 38 are transmitted to a computer system 46 via input lines 
48-58. The computer system conditions the signals for further computation by a computer in- 
cluded in the computer system 46. The computer system 46 computes the individual instanta- 
neous impedance of each bearing from the respective measurement of pressure and flow rate then 
applies an algorithm deteimined by the constniction parameters of the bearing to send out a control 
signal on lines 47, 49 and 51 to the respective regulator that adjusts the actual pressure to a target 
pressure for each bearing. The maximum target pressure is the maximum pressure for the bearing 
that can be applied vwthout inducing resonance. The maximum target pressure for each bearing 
will depend on the constrijction parameters of the bearing. These parameters are selected in accor- 
dance with tiie purpose that the bearing serves in Uic overall bearing system. For example, the 
side bearings of a slider maintain lateral stability and therefore are selected to have one set of con- 
struction parameters while tiie bearing located between the underside of die slider and the topside 
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of the slide is required to support load and therefore will have a different set of construction pa- 
rameters. 

The required target pressure is the value of pressure that wUl satisfy the requirement that the to- 
tal fqrce and moment on the bearing system is equal to zero. The ideal situation is that, when no 
load is applied, the pressure in each bearing is equal to the maximum target pressure providing that 
the bearing is operating with maximum stiffness that the bearing can achieve without going into 
resonance. Then when load is applied to the bearing system, the pressures in certain bearings will 
be reduced to a required target pressure in order to achieve mechanical stability while siiU avoiding 
resonance. 

The following discussion which is related to fig. 2 presents our theory as to why the invention 
perfonns as it does although we do not wish to be bound by our theory inasmuch as the invention 
performs the functions as claimed regardless of whether the theory is valid or not 

Fig. 2 illustrates the fact that airflowing through a bearing interface has the mechanical charac- 
teristics of pure resistance R (arising from the viscosity of the air in contact with the walls of the 
interface), inertia M (arising from the mass of the moving air), and compressibility C . Each of 
these characteristics has an electrical analogy in that mechanical resistance coireq)onds to electrical 
resistance R , inertia corresponds to inductance L. compressibility corresponds to capacitance C 
An electrical tank circuit that may be considered to be analogous to an airbearing with regard to 
these impedance components is shown in fig. 3. The impedance between terminals 59 and 60 
corresponding to the entrance and exit ports of an airbearing is given by - 
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RjwlVCjwL + R - Rvv^LC) 



w = 27T f and 



where f = frequency. 



When R is very small, current will pass between the tenninals with veiy litUe impedance and 
no resonance wiD occur. When R is very large, resonance will occur with a frequency 

f = 1/(2 TTLC) 

Generation of resonance in a tank circuit (fig. 3 or the mechanical analogy, fig.2) requires spu- 
rious fluctuation in the d.c. pressure applied between temiinals 59 and 60. In the case of the 
airbearing, at least two situations may occur that would generate such a fluctuation. In one 
situation, R may be very large and a d.c. flow may be imposed that has fluctuations whose 
amplitude increases as pressure is increased until the ampKtude of the fluctuations reaches a value 
sufficient to generate resonance. In another situation, the viscosity of the airflow in contact with 
the surfaces of the interface may increase as pressure increases thereby causing an increase in R 
and leading to resonance. 

Of course the electrical tank circuit shown in fig. 3 does not strictly represent the typical airbear- 
ing. However, we have found that, in the general case, an airbearing will resonate when the applied 
pressure reaches a critical value as discussed above so that optimum pressure applied to the 
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airbearing is a pressure just below a value where resonance occurs thereby providing the siiffest 
bearing that can be achieved for that particular bearing construction. 

The method of this invention is to measure a signal corresponding to pressure at a location in 
the bearing and die flow rate to the bearing which is transmitted to a computer which operates on 
the signals according to a algorirfun that is determined by the construction of die bearing, to con- 
trol the appUed pressure at a value close to but below a critical applied pressure where resonance 
would occur. A pressure sensing means generally includes a metering passage having a trans- 
ducer end communicating with a transducer and a system end conununicaring with the system to 
be measured. Selection of a location where the system end communicates with the system de- 
pends on the situation. 

Fig. 1 shows one situation, where the metering passages 61, 62 and 63 have transducer ends 
connected to pressure sensors 40. 42, 44 respectively and system ends communicating with con- 
duits 20, 22 and 24 adjacent to the air supply enu-ances to bearings 12, 14 and 16 respectively. 
However, if response to load changes must be quicker and more sensitive than can be achieved by 
the location of system ends of metering passages 61. 62 and 63, shown in fig. 1. then an airange- 
mcnt such as shown in fig. 12 is appropriate where a cross section of an airbearing witii bearing 
interface 17 is shown having a metering passage 29 with a system end 27 opening onto bearing 
interface 17 and meter end 23 communicating with pressure sensor 40. The system end opening 
27 is adjacent to air supply entttuicc 35 from supply 26 tiuough regulator 155 and flow meter 34. 
The pressure signal from pressure meter 40 is conducted on line 58 to con^uter 46 (not shown in 
fig. 12) controlling regulator 155. Location of the metering passage 29 effectively bypasses Uie 
impedance presented by die air supply passage 37 and air supply entrance 35 (the orifice) leading 
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10 the interface 17 so that pressure is measured ai a location where pressure in combination with 
airflow is a more sensitive indicator of the imminence of resonance than the arrangement shown in 
fig. h 

In view of the preceding remarks, an embodiment of this invention is a pressure sensor and 
airbearing including a metering passage having a system end opening onto the bearing interface 
and a meter end communicating with the pressure sensor. 

The method of this invention therefore is distinguished from the prior art (e.g./ U.S. Patent 
3,722,996 to Fox and U. S. Patent 4,930,307 to Smith) in that the prior art makes no provision for 
maintaining the pressure at a value, just above which, resonance will occur but which provides 
maximum stiffness. 

The second condition that must be established to provide maximum stiffness and asymmetric 
load carrying capability is to apply pressure to each bearing having a value determined by the load 
and location of the load relative to the bearings that result in zero force and moment measured 
about an arbitrary reference point. This feature is represented in fig.l by indication of load L, 
applied at a variable perpendicular distance D from an arbitrary reference point 3 1 to line 33 repre- 
senting direction of the applied load L. 

In accordance with this invention, either one of two approaches may be applied to balancing forces 
and moments in order to achieve mechanical equilibrium. One approach is to measure the applied 
load and distance of application directiy. The second approach is to detect changes in the 
impedances of the bearings due to the applied load and adjust the ^plied pressure to the bearings 



NSC>OCID:<WO 5,407045Al I > 



wo 94/07045 PCr/US93/08451 

.14- 

accordingly. A third aJtemative is to use both techniques, in which measurement of magnitude and 
position of the load is used to make gross corrections of applied pressure to balance the load and 
the second approach is used to "fine tune" the adjustments. Both of these approaches are discussed 
in the following paragraphs. 

According to the first approach, a means 64 for measuring load L, and a means 43 for measur- 
ing distance D generates signals corresponding to L and D which are transmitted to computer 46 
on signal line 65 and 67 respectively. Computer system 46 then determines the pressure that 
must be applied in each of the bearings in order to achieve mechanical equilibrium of the bearing 
system. A signal corresponding to these calculated pressures is then transmitted from the 
computer system 46 to each of the pressure regulators 28, 30 and 32 and each of the regulators 
adjusts the pressures accordingly. 

An example of this embodiment is illustrated in fig. 4 where there is shown the sectional view 
of the rotor 21 and stator 68 of a journal bearing. The rotor 21 extends beyond the stator 68. A 
radial load, L, is applied to the rotor at a location 70 which is distance D, from a reference location 
31. The magnitude of the load is detected by load cell 63 which transmits the load signal to 
computer 46. The stator is configured to define bearing interfaces, 74a, 76a, 78a, and 79a which 
are mirror images of 74b, 76b, 78b and 79b respectively . Each bearing interface has individually 
pressurized lubricant supplied by one of inlets 80 and each bearing interface is bounded by two of 
grooves 82 with exits. Pressure to each bearing surface is controlled individually by regulators 
61 responding to signals from computer 46 

The arbitrary reference point 31 for computing moments generated by the load and pressurized 
interfaces will be taken to be the intersection of the line between the centers of interfaces 76a and 
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76b with the axis of the rotor. The distance from the reference point 31 to the load is D and is 
measured by sensor 62 which transmits the value, D» to computer 46. The distance between the 
reference point 31 and the intersection of centerline of 79a and 79b with the axis (point 79) is d. 

The areas of the interfaces are selected such that the projected areas of each interface in the di- 
rection of the load satisfy: 

A74a = A74b = A78a - A78b 
A76a = A76b =A79a = A79b 
2x(A74a) = A76a 

The force of each bearing interface against the rotor equals the respective pressure multiplied by 
the projection of the area (A74a, etc.) of the interface in the direction of applied load. When there 
is no applied load, lubricant pressure in all bearing interfaces are maintained at just below the 
critical resonance value thereby ensuring against resonance while achieving maximum stiffness. 

When load L, is applied, the pressure in bearing interfaces, 79a and 76b are reduced by an 
amount P79a given by 

(F79a) = DUd(A79b) 
and the pressure in 74b and 78b is reduced by 
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P74b = L/(A74a) 

The second approach, which is another embodiment of this invention and satisfies the object to 
maximize stiffness and tolerance to asymmetrical load, is based on the observation that, when a 
force is exerted against a bearing interface, die walls of the bearing interface ai« squeezed closer to- 
gether causing an increase in the flow impedance of die bearing interface. 

Fig. 5 shows a bearing comprising a moving member 90 (the rotor) supported by a stator 
member 92 forming bearing interfaces 94a and 94b and 96a and 96b. The rotor is tilted by 
application of load L so that bearings 94a and 96b are squeezed causing an increase of die 
respective flow impedances and 94b and 96a expand causing a decrease in the impedances. 
Before appUcation of the load, die pressure in all four bearing interfaces is at maximum target 
value. After application of die load, it is required to maintain pressure in bearings 94a and 96 b at 
this value and restore balance by decreasing pressure in 94b and 96a. If Pmt and Sm are die 
pressure and flow respectively in die bearings before application of die load, dien die impedance of 
die bearing interface is Pmt/Sm. After appUcation of die load , die impedance in bearings 94b and 
96a will be P/S where P and S are die instantaneous pressure and flow rate respectively, 
Furtheimore, 

P/S < Pmt/Smt 



i.c., die impedance of die "expanded" bearings wHl have decreased below the target value. By re- 
ducing P. die widdi of bearing interfaces 94b and 96a will decrease causing a rise in P/S toward 
Pmt/Smt. 
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Thc reduction in flow to interface 94b and 96a is detected by flowmeters which transmit this in- 
formation to computer system 46 which controls regulator 90 to reduce pressure to bearing inter- 
face 86, thereby restoring displacement of the rotor to zero. 

In summary, equilibrium is restored as listed in fig. 6 by the following steps. 



Step 1 E)etermine maximum target pressure, Pmt and flow rate Smt 

Step 2 Apply pressure P = Pmt and flow rate S = Smt in each bearing. 

Step 3 Apply load. 

Step 4 Maintain pressure F in bearings 94a and 96b at Pmt 

Step 5 Maintain pressure in bearings 94b and 96a at P. 

St^6 E>eterniineS in bearing 94b and 94a , 

Step 7 If P/S = Pmt/Smt, go to step 4. 

Step 8 If P/S < Pmt/Smt, reduce P by small increment p 
and go to step 4 

Step 9 If P/S > Pmi/Smt increase P by small increment p 
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and go to step 4 

In the nine steps listed in the foregoing paragraph, the apparatus of fig. 1 was applied to main- 
tain mechanical equilibrium in the case where the load is small enough or applied slowly enough 
such that pressure to each bearing can be adjusted quickly enough to prevent crashes of the bear- 
ing. In other cases, the iforce and location of the load is measured as discussed above and these 
values are figured in to the calculations in order to adjust the pressures in accordance with the steps 
listed in fig. 7, In this situation, the following steps are followed after step 3: 

Step 3A Measure the force F applied by die load. 

Step SB Measure the distance D between a reference point and the line of application 
of the applied force. 

Step 3C Calculate the sum of the total forces on the bearing system which equals the 
force of the load F, plus the force f, from each bearing interface which 
equals the individual applied pressure multipUed by the individual projected 
area. 

Step 3D Calculate the sum of the total moments on the bearing system which equals 
the sum of F x D plus the moment of force of each bearing about the 
lefoence point 
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Fig. 8 shows a schematic diagram of the computer system 46 in fig. 1 and discussed above. 
The computer system includes a controller and conditioning circuits for conditioning the signals 
fix)m the meters for reception by the computer and circuit for sending control signals to the regu- 
lators. There are shown a plurality of daughter boards 83 , each daughter board dedicated to re- 
ceiving an analog signal on lines 84 from a respective sensor (pressure or flow rate) which con- 
verts the signal to an analog value that has been normalized for receipt by a mother board 85. The 
normalized analog signal is multiplied and transmitted to the controller 86. The controller con- 
verts the signal to a digital signal and then applies an algorithm stored as a program to compute a 
target pressure to be applied to the bearing and then transmits an analog signal corresponding to the 
target pressure to the respective bearing pressure regulator on lines 87. 

The algorithm may take any one of a number of forms depending on the requirements of the 
bearing system, all of which are embodiments of this invention. In one form, the algorithm may 
be a table of pressure values vs. applied load which have been determined empirically. In another 
form, (as discussed supra) the algorithm is a computation of instantaneous impedance P/S, 
(pressure divided by flow rate) and compares this ratio to stored target values of pressure and flow 
rate (Pmt and Smt). If the impedance is too small or large, the computer sends a signal on line 87 
to increase or decrease respectively the differential pressure between the respective airbearing and 
its paired bearing. 

Fig. 9 shows an application of the principles of this device to machining a metal bar on a lathe. 

There is shown the rotor 106 and stator 108 of a journal bearing supporting a chuck 1 10 in 
which a metal bar 112 is secured to be machined by a toolbit 114 moving in the direction of the 
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centerline of the bar 112. The toolbit 1 14 is secured to the plunger 116 of a toolbit holder 1 18 
driven by the crossfeed (not shown) of the lathe. Pressure generated by the force of the toolbit 1 14 
against the holder 1 18 is transmitted to the pressure sensor 120 as the toolbit 1 14 machines the 
bar 1 12. The pressure sensor 120 generates a signal on line 121 which it transmits to the computer 
system 46 which then applies a computed signal to regulator 32 to apply the required balancing 
pressure through flowmeter 38 with pressure meter 44 as described above. 

In the foregoing example, the load applied by the toolbit to the airbearing was deteraiined by 
measuring force that the toolbit exerted back on the toolbit holder. However, the load may be de- 
termined at any one of a number of locations. For example, fig. 10 shows the principles of this 
invention appUed to a milling cutter 124 milling a step 126 in a metal part 128 held in a vice. Each 
jaw of the vice includes a piston 130 inserted into a housing. One housing 132 is fixed to the top 
side of a slider 134 and the other housing 136 is actuated by a screw 138 threaded into a base 140 
which is supported on the slider 134. The slider 134 is slideably supported on way 137. Two 
pairs of opposing side bearing interfaces (142a opposing 142b and 144a opposing 144b) between 
the way 137 and sUder 134 are shown in phantom. The cutter 124 is machining a step 126 in part 
128 and thereby generating a pressure differential P between the cavities 148 and 150 of the piston 
housings. This pressure differential P is sensed by pressure sensor 152 thereby generating a load 
signal which is transmitted on Une 129 to the computer system 46. The mill spindle 125 support- 
ing the cutter is supported by opposing bearings 153 A and B. When side force is applied by the 
cutter on the mill spindle, pressure in these bearings must be adjusted relative to one another in 
order to balance moment and force on the spindle bearing. Air pressure is supplied individually by 
supply 26 to the respective bearing interfaces through regulators 155, each of which receive control 
signals on respective lines 157 from the computer system 46. The airflow from each regulator 
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155 continues through one of flow meters 159 to the respective airbearing. A signal responsive to 
the rate of flow through each flow meter 159 is transmitted over lines 161 to the computer system. 
The pressure in each bearing interface is measured by pressure meters 163 and coiresponding 
pressure signals are transmitted over lines 165 to the computer system 46. A position sensor 151 
measures the distance D, between a reference centerline 167 and the cutter centerline 169. The 
value of "D" is transmitted over line 171 to the computer system 46 and is used to calculate the 
moment generated by the side pressure P on the bearing system. (The reference center line is the 
reference line used to calculate all the moments exerted on the bearing system by all the bearings.) 

The embodiment of fig. 10 illustrates that the invention includes in its scope application of the 
principles of the invention to a bearing system wherein an individually controlled pressure to each 
of a plurality of bearings Qocated in the slider and the spindle) must satisfy the conditions for me- 
chanical equilibrium consistent with maximum pressure short of inducing resonance in order to 
achieve maximum stiffness. 

Fig. 11 shows another machine with a sliding bearing and a journal bearing, both of which 
bearings require great precision of positioning and alignment. The machine is the mastering ma- 
chine used to make the master disks in COMPACT DISK manufacturing. The process involves 
moving a modulated laser beam in the radial direction across the photoresist surface of a spinning 
disk thereby generating a helical modulated path of exposed photoresist. There is shown a master 
disk 172 rotatably supported on a journal bearing 174 with opposing bearing interfaces (not 
shown) supplied with pressurized air through conduits 176, A laser 178 exposes a photoresist 
film on disk 172 and is mounted on the slider 180 sliding on a way 181. The slider 180 is sup- 
ported by bearings (not shown) lubricated with pressurized air supplied by conduits 182. Air is 
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supplicd from supply 26 through pressure regulators 155 and flow meters 159. Pressure is mea- 
sured by meters 163. Pressure and flow rate measurements from the respective meters 163 and 
159 resj>ectively are transmitted to the computer over lines 165 and 161 respectively and the com- 
puter calculates the appropriate control signals which are sent to control pressure regulators 155 
as discussed supra. 

In practice, pressure meters that can incoiporated into the apparatus of this invention for mea- 
suring pressure in order to calculate flow impedance may be obtained from the Motorola Corp. 
These are items 40, 42 and 44 in fig. L A description and operating parameters of these devices 
arc presented in data sheet MPX700D which is incoiporated by reference into this specification. 

Airflow meters that can be incorporated into the apparatus of this invention are manufactured by 
Microswitch, a division of Honeywell. These arc items 34, 36 and 38 in fig. 1. A description and 
operating parameters of these devices are presented in data sheets AWM5000 which are incorpo- 
rated by reference into this specification. 

The Heidenhain Corp., located in Schamburg, Illinois, manufactures displacement measuring 
devices (item 43 in fig. 1) such as are mounted on the slides (ways) of mills and lathes providing 
digital readouts of the displacement of the part being machined. 

Daughter boards for normalizing the analog pressure signal are available from Fox Instrument 
and Airbearing Co. Livermorc, CsM. model 922003. (Item 83 in fig. 8.) 
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paughter boards for normalizing the flow rate signal are available from Fox Instrument and 
Airbcaring Co. model number 922 002. (Item 83 in fig. 8.) 

Mother boards for converting the normalized analog signal to a digital signal receptive to the 
computer are available from Fox Instrument and Airbcaring Company model number 922001. 
Gtem 85 in fig. 8) 

A pressure regulator for controlling the pressure to individual airbearings responsive to signals 
from the controller is manufactured by SMC Pneumatic, Inc., San Jose, California, NIT 200 
series. (Item 28, 30, 32 in fig. 1 and item 155 in fig. 11.) 

A controller for receiving the signals and performing the algorithms may be Vernal Controller 
93/ X located in Los Altos, California. 

INDUSTRIAL APPT JP ABH TTV 



The air bearing system of the present invention is adapted for use in the construction of 
equipment such as lathes, grinders, mills and mastering equipment where minimal vibration, high 
speed without friction, and geat precision are required. In the foregoing paragraphs, embodiments 
have been described which are directly applicable to construction of this typ of equipment. A 
major feature of the invention is a method and apparatus to control pressure of pressurized 
lubricant supplied to each interface of each bearing to establish target values of pressure and flow 
rates in each interface of a bearing system such that a sum of an applied load and the forces on 
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cach moving bearing member is substantially zero and the sum of the moments about any axis 
exerted by the load and forces on the respective bearing member is substantially zero and such that 
the target values provide substantially maximum achievable stiffness to the interfaces without 
inducing resonance. 

In one embodiment, this is accon^lished by measuring the pressure and flow rate of lubricant 
supplied to the bearings and computing a flow impedance for each bearing interface. As pressure 
to the bearing is increased, stiffness and flow impedance of the interface wiU increase until 
pressure is increased to the target pressure and the impedance vwll equal a target impedance. 
Therefore, guided by the impedance measurement of pressure and flow rate, the method of this 
invention is to maintain pressure at the target pressure. 

The scope of the invention includes two methods for maintaining mechanical equilibrium when 
a load is applied asymmetrically. In one method, changes in impedance are measured and pres- 
sure is adjusted in accordance with these changes to restore the original target impedances. This 
method is especially useful in construction of apparatus such as disk mastering equipment 

In the second method, the magnitude and location of the applied loads are measured from which 
changes in the individual interfaces are computed which are required to establish the condition 
where sum of forces and load on each bearing and sum of moments on each bearing are zero. 
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The second method is particularly applicable to machine tools such as a lathe, grinder or mill or 
a mastering machine for compact disks which would include an airbearing spindle for rotatably 
supporting the disk and a horizontal airbearing slide. 

The principles of this invention may be applied to any hydrodynamic system including bearings 
lubricated by gaseous or liquid lubricants. 

Due to the fundamental advantages of the invention in overcoming basic problems in the 
construction and application of air bearings, we expect that the present invention will have 
widespread and long lasting utility and applicability. 



940704&A1 I > 



SUBSTITUTE SHEET 



wo 94/07045 _ PCr/US93/08451 

-26- 

IN THE CLAIMS 

1. A fluid dynamic bearing system supplied with pressurized fluid through a conduit means 
from a supply for supporting a load applied asymmetrically at a location to the bearing 
system which comprises: 

at least one moving bearing member, each bearing member having a plurality of moving 
surfaces; 

at least one stationary bearing member, each one stationary bearing member paired with one 
of said moving bearing members and each stationary bearing member having a plurality of 
stationaiy surfaces; 

each said stationary surface paired with one of said moving surfaces respectively to form a 
bearing interface having an area, an interface location, a fluid supply entrance and an exit; 

fluid pressurized to flow through each said entrance across said respective interface and out 
of said respective exit thereby creating fluid dynamic pressure in each said interface; 

means to control pressure of said pressurized fluid in each said interface to establish target 
values of pressure and flow rates independent of said target values of pressure and flow rates 
in other said interfaces such that a sum of the load and the forces on each said moving 
member exerted by said target pressure in each interface is substantially zero and the sum of 
the moments about any axis exerted by said load and the forces on said member exerted by 
said target pressure in each interface is substantially zero and such that said target values 
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providc maximum stiffness of said interfaces without inducing resonance in said bearing 
interfaces, 

2. A bearing system as in claim 1 wherein said controlling means comprises a plurality of pres- 
sure regulators, one regulator connected between one said fluid supply entrance of each said 
interface and said supply of pressurized, each said regulator having an input terminal means 
for receiving a target signal according to which said regulator establishes said pressure. 

3. A bearing system as in claim 2 wherein said controlling means comprises a plurality of 
pressure meter means with a first terminal, each one pressure meter means communicating 
with said system for monitoring pressure in each one said interfaces respectively and for 
generating a pressure signal at said first terminal corresponding to said pressure in said re- 
spective bearing interface. 

4. A bearing system as in claim 3 wherein said pressure meter means comprises a metering 
passage in said stationaiy member having a system end communicating with said interface 
adjacent to said fluid supply entrance and a metering end communicating with a pressure 
sensor means for generating said pressure signal. 

5. A bearing system as in claim 3 wherein said pressure meter means comprises a metering 
passage having a system end communicating with said bearing system and a metering end 
communicating with a pressure sensor means for generating said pressure signal. 
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a stator member with at least one stationary bearing surface; 

a moving member having at least one moving bearing surface opposed to one of said sta- 
tionaiy bearing surfaces respectively thereby forming at least one bearing interface; 

each said interface having a fluid entrance permitting pressurized fluid to flow through said 
fluid entrance into said interface; 

at least one metering passage, one said metering passage for each interface respectively, and 
having a system end communicadng with said interface and a meter end; 

at least one pressure sensor communicating with each one of said meter ends respectively. 



7, A bearing system as in claim 3 wherein said controlling means comprises a a plurality of 
flow meter means, each flow meter means having a second terminal and each one of said 
flow meter means connected between one of said fluid supply entrances and said respective 
pressure regulator for measuring a value of rate of flow of fluid to said respective interface 
and generating a flow signal at said respective second terminal corresponding to said flow 
rate value in said respective interface. 
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8. A bearing system as in claim 7 wherein said controlling means comprises means connected 
to each said first and second terminals for receiving said pressure signal and said flow sig- 
nals respectively and performing an algorithmic operation with said signals to determine a 
required target pressure for each interface and having a third terminal means connected lo 
said input terminal of each said pressure regulator for transmitting said target signal to said 
respective regulator. 

9. A bearing system as in claim 8 wherein said means for performing said algorithmic opera- 
tion is a computer. 

10. A bearing system as in claim 8 wherein means for performing said algorithmic operation 
comprises: 

means for determining values of said pressures and said flow rates from said respective 
pressure and flow signals; 

means for dividing each said value of pressure by said respective value of flow rate thereby 
providing an instantaneous flow impedance for each said interface; 

means for comparing s^d instantaneous impedance to a target impedance equal to said target 
pressure divided by said target flow rate and emitting a signal on said thiri terminal means to 
said respective regulator to increase pressure to said respective regulator when said instanta- 
neous impedance is less than said target impedance and to decrease said respective pressure 
when said instantaneous pressure is greater than target impedance. 
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means for measuring distance between said load location and a reference location and emit- 
ting a load distance signal responsive to said load distance measurement; 

means for measuring said load and emitting a load signal responsive to said load measure- 
ment; and 

said controlling means comprises: 

temiinal means for receiving said load and said load distance signal; 

means for computing from said load signal and said load distance signals a load moment 
generated by said load about said reference location and determining therefrom signals corre- 
sponding to pressures to be applied to said pressure regulators to maintain mechanical equi- 
librium in said bearing system and sending said signals to said regulators. 

12. A bearing system as in claim 1 wherein said moving member is a rotor of a journal bearing 
and said stator member is a stator of said journal bearing. 

13. A bearing system as in claim 1 wherein said moving member is a slider of a slider bearing 
and said stator member is a way supporting said slider of said slider bearing. 

14. A bearing system as in claim 1 wherein said fluid is gas. 
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15. A bearing system as in claim 1 wherein said fluid is liquid, 

16. A bearing system as in claim 1 which comprises a lathe having fluid dynamic bearings. 

17. A bearing system as in claim 1 which comprises a mill. 

18 . A bearing system as in claim 17 wherein said mill comprises: 
away; 

a slider slideably supported by said fluid dynamic bearings on said way; 
a vice means for securing a pan to be machined secured on said slider. 
19. A bearing system as in claim 18 wherein said vice means comprises: 
a first jaw housing having a cavity and secured to said slider; 

a first jaw piston having a first free end and a first piston end slideably engaged in said first 
cavity; 

a base secured to said slider; 
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a screw through said base; 

a second jaw housing secured to an end of said screw; 

a second jaw piston having a second free end and a second piston end sUdcably engaged in 
said second jaw housing such as to fonn a second cavity; 

fluid in said first and second cavities; 

means for measuring differentia] pressure between said first and second cavities and emitting 
differential pressure signal providing that said pan may be positioned between said first and 
second piston ends, said screw may be tightened to secure said part, and. when a force is ex- 
ened on said pan in a direction between said first and second piston ends, a differential pres- 
sure signal will be generated corresponding to a magnitude of said force. 

20. A bearing system as in claim 1 which comprises a mastering machine for manufacturing 
compact disks wherein said mastering machine comprises: 

a spindle means for rotateably supporting a master disk with a photoresist surface; 

fluid dynamic means for supporting said spindle; 

a laser means for exposing said photoresist surface; 

a slider means for supponing said laser means; 
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a way means for supporting said slider. 

21, A method for supporting a hydrodynamic bearing system having bearing interfaces and 
fluid supply entrances to said interfaces and with a load applied to said bearing system which 
includes the steps: 

supplying pressurized fluid to said fluid supply entrances; 

measuring pressure of said fluid at each said interface thereby obtaining a value of fluid pres- 
sure at each said interface; 

measuring fluid flow rate into each said interface thereby obtaining a value of flow rate at 
each said interface; 

computing an adjustment of pressure of fluid to be applied to each said interface by applying 
an algorithm to said pressure values and said flow rate values to achieve a target pressure for 
each said interface* said target pressures predetermined to provide maximum stiffness to said 
bearing interfaces without causing resonance in said interfaces; 

adjusting pressure of said fluid at each said fluid entrance to equal said target pressures. 

22, A method as in claim 21 wherein said computing step includes the step of dividing each said 
pressure value by said respective flow rate value to obtain an impedance value for each said 
interface. 
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23. A method as in claim 22 wherein said pressure adjusting step includes the step of 
increasingpressure in said respective interfaces until each said impedance value equals a 
predetemiined maximum value above which resonance has been predetermined to occur. 
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FIG. 1 
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FIG. 11 
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